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ABSTRACT OF THESIS 
 
 
DEVELOPING A SUSTAINABLE APPROACH TO EMERALD ASH BORER 
MANAGEMENT 
 
Emerald ash borer, Agrilus planipennis Fairmaire, is an invasive wood boring 
beetle native to eastern Asia which was first detected in North America in 2002. All 
North American Fraxinus (ash) species are suitable hosts and susceptible to attack. 
Emerald ash borer larvae feed on phloem beneath the bark of infested trees resulting in 
girdling and mortality in as little as five years following initial infestation. Since its 
introduction near Detroit, Michigan, emerald ash borer has rapidly spread throughout 
much of the United States and portions of Canada, threatening the persistence of ash in 
invaded regions. 
I tested a management strategy for emerald ash borer which combines pesticide 
applications with releases of three species of classical biological control agents: 
Tetrastichus planipennisi, Spathius agrili, and Oobius agrili. My data suggest that the 
two approaches are compatible and pesticides did not negatively impact establishment 
success of T. planipennisi and O. agrili. 
Additionally, I characterized the assemblage of natural enemies native to the 
central United States that might be capable of helping regulate emerald ash borer 
populations, and found twelve morpho-species of natural enemies being recruited to 
emerald ash borer in this region. Finally, I evaluated the impact of ash decline on native 
hymenopteran parasitoids and found a positive correlation between ash decline and 
parasitoid abundance. 
 
KEYWORDS: A. planipennis, F. americana, T. planipennisi, Biological Control, 
Natural Enemies 
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CHAPTER 1 
Introduction 
Emerald ash borer (Agrilus planipennis Coleoptera: Buprestidae), a wood boring 
beetle native to Asia, was first discovered in the United States in southeastern Michigan 
in 2002 (Cappaert et al. 2005). Since its introduction it has spread throughout much of the 
eastern United States (USDA APHIS, 2015), including Kentucky (2009), where it has 
become pervasive in much of the state (pest.ca.uky.edu/EXT/EAB/welcomeeab.html). 
Larvae feed on the phloem of Fraxinus (ash) species and at high densities will girdle 
trees which results in rapid tree mortality (Poland and McCullough 2006). All 16 North 
American Fraxinus are vulnerable to attack. In addition to their economic value as timber 
species (Kennedy 1990, Schlesinger 1990), landscape species, and components of urban 
greenspace, Fraxinus are ecologically important. Members of Fraxinus represent 
consistent components of mature forest types across much of North America. They are 
prodigious seed producers, providing a valuable food source for forest animals (Kennedy 
1990, Schlesinger 1990). In North America 43 arthropod species rely on Fraxinus for 
part or all life stages and another 30 species rely heavily on ash (Gandhi and Herms 
2010).  Because of their prevalence in both urban and rural landscapes, there is a pressing 
need to develop effective and sustainable management strategies to reduce the impacts of 
the emerald ash borer invasion.  
Chemical pesticides offer effective protection against emerald ash borer but 
expense and logistical limitations prevent this approach in forested settings.  Large scale 
chemical treatments also pose environmental concerns.  Imidacloprid, which has been 
widely used to suppress emerald ash borer, has been implicated in the decline of 
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pollinators (Cresswell 2011) and may adversely affect predators and parasitoids of 
emerald ash borer (Mahdavi 2013). 
Since the early stages of the emerald ash borer invasion biological control 
approaches have been rigorously investigated. Currently, three hymenopteran parasitoids 
are being utilized in the United States (Duan et al. 2009). Oobius agrili (Fam: Encyrtidae) 
utilizes emerald ash borer eggs, whereas Spathius agrili (Fam: Braconidae) and 
Tetrastichus planipennisi (Fam: Eulophidae) parasitize larvae.  Tetrastichus planipennisi 
has successfully established in areas where it has been released and populations are 
increasing (Duan et al. 2013a), but emerald ash borer control has been compromised due 
to the rapid tree mortality. Death of individual trees typically occurs 2-4 years after initial 
infestation (Poland and McCullough 2006) while it usually takes much longer to establish 
successful biological control (Duan et al. 2013a). In more newly invaded areas such as 
Kentucky it may be possible to delay accumulation of outbreak levels of EAB and 
subsequent ash mortality through application of chemicals at sub-lethal doses.  This 
approach may provide parasitoids released through a biological program, or those 
recruited from the endemic natural enemy pool, sufficient time to build populations 
adequate for EAB population regulation before large scale ash die off, facilitating the 
conservation of ash. 
The Fraxinus resources and their associated forest types across North America are 
threatened by emerald ash borer yet these also support a diverse array of endemic 
parasitoids capable of utilizing both native and exotic buprestids as hosts. Several native 
parasitoids have been discovered utilizing emerald ash borer, primarily in the northern 
extent of EAB’s introduced range (Duan et al. 2012). Native Atanycolus spp. (Fam: 
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Braconidae) (Cappaert and McCullough 2009) and several other species have been 
discovered parasitizing EAB larvae and are capable of penetrating thicker bark (Bauer et 
al. 2004). Optimal management of emerald ash borer may result from concurrent use of 
several parasitoids utilizing multiple life stages, larval ages, and filling varying ecological 
niches (Abell et al. 2012, Duan et al. 2009).  A more complete understanding of the 
native parasitoids available for recruitment to invading emerald ash borer populations 
will help in developing mitigation strategies. 
My research focuses on developing a sustainable approach for emerald ash borer 
management. Using a framework of plot treatments that includes chemical applications, 
biological control releases, reduced rate chemical coupled with biological control, and 
untreated controls I evaluate the compatibility of the two suppression methods along with 
their effectiveness for reducing invading ash borer populations, minimizing ash mortality, 
and impact on native insect communities. Additionally, I investigate the assemblage of 
native natural enemies and evaluate the impact of ash decline on native insect 
communities. 
In chapter 2, I assess a management strategy for emerald ash borer which 
combines reduced rate applications of imidacloprid with deployment of three classical 
biological control agents. I evaluate the effectiveness of the management strategy at 
mitigating ash decline using visual assessments of canopy health, and at limiting emerald 
ash borer populations. I utilize multi-funnel traps affixed with manuka oil and hexanol 
lures to monitor adult beetle populations, and extract larvae from debarked logs of 
destructively sampled trees to monitor larval populations. I also investigate the 
compatibility of the classical biological control agents with imidacloprid applications, 
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and assess the impact of imidacloprid applications on native pollinator and parasitoid 
communities. I conclude that T. planipennisi and O. agrili are compatible with 
imidacloprid applications, though more information is needed to assess compatibility 
with S. agrili. 
In chapter 3, I characterize the complex of native natural enemies being recruited 
to emerald ash borer in recently invaded forests in the central United States using a 
destructive sampling technique where infested ash are felled, sectioned into logs, and 
either debarked or stored in mesh rearing enclosures. Natural enemies are reared from 
infested logs or extracted from emerald ash borer larval galleries within debarked logs. I 
discovered twelve morpho-species of natural enemies being recruited to emerald 
including the novel associate Heterospilus sp. (Braconidae), and several associates 
documented previously in other regions of the country. Additionally, I utilize Malaise and 
pan traps to evaluate the response of native insect communities to emerald ash borer-
induced ash decline across five sites situated throughout north central Kentucky which 
are experiencing infestation pressuring ranging from negligible to severe. My data 
suggest a positive correlation between ash decline and abundance of hymenopteran 
parasitoids. 
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CHAPTER 2 
Facilitating establishment of classical biological control agents  
through application of half strength imidacloprid. 
 
Introduction 
Ash (Fraxinus spp.) are a consistent component of hardwood forests throughout 
the United States (Schlesinger, 1990) and make up an important component of urban 
landscapes in many cities (Cappaert et al., 2005). In the U.S. the prevalence of ash is 
threatened by the emerald ash borer (Agrilus planipennis, Coleoptera: Buprestidae), an 
invasive beetle native to eastern Asia which was first detected in the United States in 
2002 near Detroit Michigan (Haack et al., 2002). Emerald ash borer is a wood-boring, 
phloem-feeding insect that destroys the vascular system of infested trees, causing rapid 
tree mortality. Since its introduction, emerald ash borer has spread throughout much of 
the contiguous US and southeastern Canada 
(www.emeraldashborer.info/files/MultiState_EABpos.pdf) inflicting extensive ash 
mortality throughout affected regions. All North American Fraxinus species are 
susceptible to attack (Rebek et al., 2008) and emerald ash borer will readily colonize 
healthy trees (Cappaert et al., 2005). 
 In its native range, emerald ash borer populations are regulated by resistance of 
Asian ash  (Rebek et al., 2008) and a diverse assemblage of natural enemies capable of 
inflicting high rates of mortality (Duan et al., 2012; Liu et al., 2003; Zhang et al., 2005). 
The lack of co-evolved tree defenses and natural enemies of emerald ash borer in North 
America result in rapid mortality of infested trees. Large trees can be killed in as little as 
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three years following initial infestation and complete ash mortality in an area can occur in 
as little as five years (Poland and McCullough, 2006).   
Chemical insecticides can be used to protect trees from attack (Herms et al., 2009; 
Smitley et al., 2010a; Smitley et al., 2010b); however, due to high costs, labor intensity, 
and environmental concerns, they are unsustainable for use across large areas. 
Consequently, considerable effort has been spent developing a classical biological control 
program against emerald ash borer. Three species of hymenopteran parasitoids have been 
imported from eastern Asia and are being reared in the U.S. for deployment throughout 
infested regions. Two of these species, Spathius agrili Yang (Braconidae) and 
Tetrastichus planipennisi Yang (Eulophidae), are larval parasitoids (Yang et al., 2005; 
Yang et al., 2006) while the third, Oobius agrili Zhang (Encyrtidae) (Zhang et al., 2005),  
is an egg parasitoid. Releases have been ongoing since 2007 (Federal Register 2007) and 
parasitoids have been routinely deployed throughout the invaded range 
(http://www.mapbiocontrol.org/). Tetrastichus planipennisi and O. agrili have readily 
established populations in release locations and their numbers are increasing, although 
they have been unable to reach numbers rapidly enough to sufficiently suppress emerald 
ash borer populations and prevent ash mortality (Abell et al., 2014; Duan et al., 2013).   
Due to the rapid rate that emerald ash borer kills trees and the time required for 
parasitoids to attain sufficient numbers to suppress populations, biological control alone 
is not adequate to protect ash in North American forests. It may be possible to enhance 
the effectiveness of these parasitoids through combination with insecticide appications to 
slow ash decline, thus creating a longer window of time for parasitoids to establish and 
build their populations (Katovich and McCullough 2010), though the compatibility of 
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these prevention methods is currently unknown. We evaluated the feasibility of 
employing a sustainable approach to emerald ash borer management by blending 
biological control releases with reduced rates of chemical insecticides. Compatibility of 
the two mitigation strategies was investigated along with their impact on emerald ash 
borer populations, ash decline, and native insect populations.  
     
Methods 
Study Sites  
Sites were established in north-central Kentucky along the forefront of the 
expanding emerald ash borer infestation in a region characterized by a Western 
Mesophytic forest type consisting of a wide variety of deciduous species (Wharton and 
Barbour, 1973) with a significant ash component (Table. 2.1). Sites were selected in 
Anderson, Fayette, Henry, Shelby, and Spencer counties, where emerald borer has been 
reported since 2009-2010. In Anderson, Henry, and Shelby emerald ash borer was 
present at the onset of the study and forests showed varying levels of ash decline, 
whereas at Fayette and Spencer sites the first detection was made in 2014 and there were 
little to no signs of ash stress. 
   
Plot treatments 
 Each site consisted of three blocks of four 0.04 ha plots, with each block 
containing one replicate of each of four treatments: 1) insecticide application (“chem”), 
2) biological control releases (“bio”), 3) a dual treatment coupling reduced rate 
insecticide applications with biological control releases (“dual”), and 4) untreated 
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controls. Thus, each site contained 12 plots (n = 60). In plots designated for insecticide 
application, all ash stems > 5 cm at 1.5 m above ground level (DBH) were treated with 
imidacloprid (Xytect 75WSP, RainbowTreecare, Minneapolis, MN) applied via soil 
drench at the product label rates based on stem diameter. In dual treatment plots where 
reduced chemical rates were combined with biological control releases, imidacloprid was 
applied at half of the recommended dose. Initial chemical applications were made 
between Feb. 08 and Mar. 27, 2013 and were reapplied between Mar. 14 and Mar. 21, 
2014.  In the dual treatment and biological control plots 18,700 T. planipennisi were 
deployed equally across plots at Anderson, Henry and Shelby between Aug. 30 and Oct. 
28 2013. Releases were not made at Spencer or Fayette as emerald ash borer had yet to be 
detected at those sites.  In 2014 85,200 T. planipennisi were deployed in addition to 
19,650 O. agrili and 10,500 S. agrili; these deployments were carried out weekly from 
May 01 through Sep. 30 (Table 1). First detection of emerald ash borer at Fayette 
occurred May 28 2014 and weekly parasitoid deployment began on Jul. 15. The majority 
of T. planipennisi and S. agrili (80.36% and 79.6% respectively) were deployed as larvae 
within ~20 cm × 10 cm ash bolts containing parasitized emerald ash borer larvae, the 
remainder were released as adults. Oobius agrili were deployed as larvae within 
parasitized emerald ash borer eggs on filter paper and contained within 0.5 liter plastic 
cups. The cups had mesh screen covering the over the opening and were fastened to ash 
trunks within plots.  All parasitoids were received from the USDA APHIS PPQ 
Parasitoid Rearing Facility in Brighton, MI. 
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Forest characteristics  
Whole (0.04 ha) plots were utilized to assess overstory and midstory vegetation 
(all trees ≥ 12.7 cm diameter at 1.5 m high; DBH), 0.004 ha sub-plots were used to assess 
saplings and shrubs (< 12.7 cm DBH, > 137 cm high), and 0.0004 ha micro-plots were 
used to assess seedlings and shrubs (< 137 cm height). One sub-plot and one micro-plot 
were positioned at the whole-plot center and in each cardinal direction 7.7 m from the 
whole-plot center. Thus, a surveyed plot contained one 0.04 ha whole-plot, five 0.004 ha 
sub-plots, and five 0.0004 micro-plots (Coleman et al. 2008). Measurements of 
vegetation and plot data followed the Common Stand Exam protocol of the USDA Forest 
Service’s Natural Resource Information System: Field Sampled Vegetation Module (US 
Forest Service 2013) and included tree height and DBH. Canopy dieback was visually 
assessed by a single observer and each ash tree assigned a crown dieback rating from 0% 
(healthy) to 100% (dead). 
 
Emerald ash borer intercept traps 
 Emerald ash borer activity was monitored using green Lindgren 12-unit funnel 
traps fitted with manuka oil and leaf alcohol lures (Synergy Semiochemical, BC). Traps 
(1 per plot) were deployed 05 May to 17 July, 2014 by suspending over the highest 
reachable ash branch (~5-10 m). Trap contents were collected weekly and returned to the 
laboratory where adult emerald ash borer were counted.  
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Destructive Sampling 
Twenty-five ash ranging in size from 6.1-15.2 cm DBH (mean 8.8 cm, s.d. 1.8 
cm) were felled in February and March of 2014 from sites where emerald ash borer was 
evident (Anderson, Henry, and Shelby) and an additional 16 were felled in March 2015.. 
Across years, nine trees were felled from plots receiving full strength imidacloprid 
treatments (chem.), ten each from dual treatment (dual) and biological control (bio) plots, 
and 11 from untreated control plots (control). Felled trees were cut into 60 cm sections 
which were numbered sequentially from the base and returned to the laboratory. Odd 
numbered log sections were debarked using a draw knife and emerald ash borer larvae 
counted and inspected for signs of parasitism. Immature parasitoids were counted, placed 
with moistened filter paper inside 100 mm diameter petri dishes sealed with Parafilm, and 
reared to adulthood for identification. Length and mid-section diameter of debarked logs 
were recorded. To assess O. agrilus establishment bark from the apical 300 cm
2
 of log 
sections of trunk heights of 0.6 m, and 5.5m (corresponding to log section numbers 1 and 
9) was shaved using a draw knife.  Shavings were sifted through a 1 mm sieve and sorted 
under 6 - 40× magnification using a dissecting microscope to separate healthy golden-
colored emerald ash borer eggs from darker colored parasitized eggs (Abell et al., 2014). 
Even numbered log sections were placed in cylindrical mesh rearing enclosures (30 cm x 
80 cm) fitted with 7 mL clear collection vials. Rearing enclosures were checked daily for 
four months for emerging parasitoids. Logs were removed from enclosures following 
cessation of insect emergence and debarked as described previously to check for 
unemerged parasitoids.   
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Native insect communities 
During the summer of 2013 and 2014 native insects were monitored with pan 
traps which consisted of two nested bright yellow plastic bowls (16 cm × 4 cm, Festive 
Occasion, East Providence, RI), with the internal bowl secured with binder clips to the 
outer bowl and filled with 75 mL soapy water. Traps were affixed to 3 cm × 3 cm 
wooden stakes 75 cm above ground level and 5 m north of plot center.  Insects were 
collected from pan traps by straining contents through paper filters (Rockline Industries, 
Sheboygan, WI), placing in sealable plastic bags with 70% EtOH, and storing at 4 ˚C 
until processing. In the laboratory insects were sorted to order (Triplehorn and Johnson, 
2005) and counted. Hymenopterans collected in 2014 were further divided into: Apoidea, 
Formicidae, Ichneumonoidea (Ichneumonidae and Braconidae), non-ichneumonoid 
parasitoids (superfamilies: Ceraphronoidea, Chalcidoidea, Chrysidoidea, Cynipoidea, 
Diaproidea, and Platygastroidea) (Gibson et al. 1997), Symphyta, and Vespidae. 
 Concurrent with pan trapping, Malaise traps (2.44 m
2
 × 2.13 m high, 1.89 L 
collection head, BioQuip, Rancho Dominguez, CA) were deployed 5 m south of each plot 
center with a 2 cm × 5 cm dichlorvos strip (AMVAC Chemical Corp., Los Angeles, CA) 
placed in each trap head. Samples were collected by emptying trap head contents into 
sealable plastic bags and rinsing with 70% EtOH. Samples were processed and sorted in 
the same manner as pan trap samples with hymenopterans from both years subdivided.  
Traps were deployed in each plot at a given site for one week before being moved 
to another site, resulting in a 5 wk trapping interval. Trapping began the first week of 
May both years and ended Oct 21 in 2013, and Sep 17 in 2014, for a total of five and four 
intervals respectively. 
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Statistical analysis 
 All analyses were performed using SAS v. 9.3 (SAS Institute 2011).  Ash 
decline, based on canopy dieback assessed in summer 2014, was compared across the 
four plot treatments using an analysis of variance with means separations performed 
using Tukey’s Honest Significant Difference (TUKEY). Ash decline was further 
compared between “imidacloprid levels” using a two sample t-test where plots receiving 
either full or half rate imidacloprid (“treated”) were compared against the bio and control 
plots which received no imidacloprid applications (“untreated”). 
Larval emerald ash borer density was calculated for each tree (mean densityt = 
larvaets / πdtslts) where “t” represents individual trees, “s” debarked (odd numbered) log 
sections, “d” section diameter, and “l” section length. Larval densities, along with mean 
adult beetle capture from funnel traps, were compared across treatments using an analysis 
of variance. Means were also compared between imidacloprid levels and between 
parasitoid release (bio and dual) and non-release (chem and control) plots using t-tests.  
As measures of establishment success of the biological control agents, the 
quantity of T. planipennisi and S. agrili recovered from destructively sampled trees, O. 
agrili-parasitized eggs, number of parasitized emerald ash borer larvae, and percentage of 
parasitized emerald ash borer larvae were similarly compared across treatments (chem, 
dual, bio, untreated), imidacloprid levels (plots that received imidacloprid treatments 
versus those that did not) , and release occurrence (plots that received parasitoids versus 
those that did not).  
Native insect abundance measured with pan and Malaise traps was calculated and 
diversity, evenness, and richness were derived by plot for each treatment. Richness is the 
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total number of taxa within each sample. We used the Shannon and Simpson indices  as 
measures of diversity, which utilizes the relative abundance of each taxon and the total 
insect abundance within a sample (Magurran, 1988). Pielou’s Index of Evenness (J), 
which incorporates the Shannon index and taxa richness in the sample (Magurran, 1988) 
was calculated (Southwood and Henderson, 2009). Population parameters (abundance, 
Pielou’s evenness and Simpson’s diversity index) were analyzed using a repeated 
measure mixed linear model with sample date as the repeated measure and individual 
plots (traps) as subjects. Least square estimates were compared to determine differences 
in abundance and diversity of hymenopteran guilds among treatments and imidacloprid 
levels. 
 
Results 
Forest composition 
 Ash canopy dieback was higher in trees receiving full strength imidacloprid 
applications than those in dual treatment plots which received a half dose of imidacloprid, 
though trees that received chemical treatment (either full or half dose) did not differ from 
untreated trees (Table 2.2).  
 
Emerald ash borer flight intercept traps 
 Funnel traps captured 453 adult emerald ash borer; this included the first 
detections at the Fayette and Spencer sites where six and one individual respectively were 
captured. Due to the low pressure at these two sites they were excluded from further 
analysis of treatment effects on beetle populations. Emerald ash borer capture across 
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treatments pooled from Anderson, Henry, and Shelby ranged from 4.8 ± 2.6 per trap in 
dual treatment plots to 19.0 ± 13.8 in biological control plots. There was a trend towards 
greater abundance in untreated plots (17.4 ± 7.4) than in chemically treated plots (7.1 ± 
3.5) though this difference was not significant (Table 2.2).  
 Larval emerald ash borer density was lower in trees felled in 2014 than from those 
felled in 2015 (26.6
 
vs. 53.6 larvae / m
2
) (t39 = 2.46, p = 0.02) therefore analysis of 
treatment and treatment level effects were carried out separately for each year. In 2014 
the highest density occurred in the trees felled from biological control plots (56.1 ± 9.9 
larvae / m
2 
phloem), which differed from trees treated with full strength imidacloprid 
(12.4 ± 11.0), and was lower in trees from chemically treated plots (15.8 ± 7.2 larvae / 
m
2
) than those from untreated plots (Fig. 1). In 2015 there was no significant difference 
in larval densities between treatments (F3, 11 = 0.82, p = 0.24) or between chemically 
treated and untreated plots (Fig. 2.2). 
 
Biocontrol establishment 
In 2014 63 larval T. planipennisi were extracted from two emerald ash borer 
galleries within debarked logs and 43 adults recovered from rearing enclosures, 
representing recovery at each of the three release sites. Three of the parasitized emerald 
ash borer, and 96 of the T. planipennisi were from trees felled from biological control 
plots, the other parasitized emerald ash borer larva and 10 T. planipennisi were from a 
dual treatment plot. No T. planipennisi were recovered from plots where they were not 
directly released. In 2015, from logs that were immediately debarked (odd section logs), 
2,339 T. planipennisi were recovered from 79 parasitized emerald ash borer larvae.  Due 
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to insufficient recovery of T.planipennisi in the first year of this experiment only 2015 
recovery was used for analysis regarding impacts of plot treatments and imidacloprid 
levels on parasitoid establishment success.  
There was no difference between plot treatments, or between chemically treated 
and untreated plots, with regard to the quantity of T. planipennisi extracted from 
debarked logs, total number of emerald ash borer larvae parasitized, or percent of larvae 
parasitized (Table 2.3).  Trees felled from release plots (biological control and dual 
treatments) yielded 256.5 ± 73.7 T. planipennisi compared to 41.0 ± 18.6 from trees from 
non-release plots (chemical control and untreated) (t13 = 2.66, p = 0.02), and 10.5 ± 2.7 
emerald ash borer larvae were parasitized by T. planipennisi per tree in release plots 
compared to 3.3 ± 0.9 in non-release plots (t13 = 2.36, p = 0.03) (Fig. 2.3).  
 Seventy emerald ash borer eggs were recovered from bark shavings, of which 14 
showed signs of parasitization from O. agrili. There was no difference in number of eggs 
between shavings taken at 0.6 m and 5.5m and therefore were combined for further 
analysis. There were also no differences in the number of total eggs across the four plot 
treatments, between chemically treated and untreated plots, or between biological control 
release versus non-release plots (Table 2.3). Parasitization was only observed in shavings 
from release plots where 28.0% of eggs were parasitized, and did not differ between 
chemically treated and untreated plots (t13 = 0.11, p = 0.92). 
  
Native insect communities 
Pan traps yielded 3,264 hymenopterans in 2013 and 3,248 in 2014, of which 
ichneumonoids (Ichneumonidae and Braconidae) comprised 26.4%, non-ichneumonoid 
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parasitoids 53.5%, Formicidae 11.1%, Apoidea 4.3%, Symphyta 3.0%, and other 
Hymenoptera (Pompilidae, Scoliidae, Sphecidae, Tiphiidae, and Vespidae) 1.8%.  There 
were no consistent trends between plot treatments and abundance in the taxonomic 
groups of hymenopterans investigated. In 2013 more Hymenoptera were captured in dual 
treatment plots than chemical control plots (F3, 40 = 2.91, p = 0.05), although there was no 
difference between plots which received imidacloprid and those that did not. In 2014, 
there was a trend toward increased abundance of Hymenoptera captured in untreated 
control plots and the fewest in chemical control and biocontrol plots, although there was 
not a significant difference between treated and untreated plots. There were also fewer 
non-ichneumonoid parasitoids captured in chemical control plots than in control plots. 
Again, there was no difference between chemically treated versus untreated plots for this 
group (Table 2.4). 
Malaise traps yielded 19,898 Hymenoptera in 2013 and in 17,795 in 2014. 
Ichneumonoids comprised the majority of hymenopterans caught across years accounting 
for 69.3%, non-ichneumonoid parasitoids accounted for 15.4%, whereas Apoidea (7.9%), 
Formicidae (5.0%), Symphyta (1.2%), and other Hymenoptera (1.2%) accounted for the 
remainder. There was no difference between years in abundance of Ichneumonidae or 
Apoidea therefore years were combined for these groups for further analysis. Abundance 
did not vary by treatment or imidacloprid level (Table 2.5), nor did richness or diversity 
(Table 6). 
 
 
 
17 
 
Discussion 
We tested a strategy for emerald ash borer management which combined 
biological control releases with varying dosages of imidacloprid. The effectiveness of this 
strategy at preventing ash mortality and reducing emerald ash borer populations was 
evaluated, along with the compatibility of imidacloprid with currently employed 
biological control agents and native parasitoid communities.  
In forests where emerald ash borer was present at the onset of the study both full 
and half dose applications of imidacloprid were insufficient to prevent ash canopy 
decline. This is due in part to the size of the affected ash in our plots, as imidacloprid is 
not recommended for use managing emerald ash borer in trees with a DBH greater than 
38 cm (15 in.) due to limitations in hydraulic structure affecting vascular translocation in 
larger trees (Smitley et al., 2010a). It is also likely that prior damage to the vascular 
systems of infested trees compromises their ability to translocate imidacloprid to 
adequately prevent further damage. However, in 2014 there were lower densities of larval 
emerald ash borer in trees which received imidacloprid application (full or half dose) 
compared to untreated trees and there was no difference between larval densities between 
dosages, suggesting that a half dose rate could be used in an emerald ash borer 
management program developed to facilitate establishment of biological control agents. 
Recovery of T. planipennisi from trees felled in winter 2014 suggest that despite 
relatively low release numbers and suboptimal release timing parasitoids deployed in 
2013 were on their way to becoming established, though recovery was too low to 
evaluate effects of plot treatments on establishment. Vastly increased overall recovery in 
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2015 was likely due to the much greater release numbers during the summer of 2014 in 
combination with establishing populations of parasitoids deployed in 2013.  
Recovery of T. planipennisi and O. agrili from trees felled in winter 2015 was 
higher in release (dual treatment and biological control) plots than non-release (chemical 
control and untreated) plots, and recovery of O. agrili and T. planipennisi, along with 
quantity and percent of emerald ash borer larvae parasitized by T. planipennisi, were 
similar between trees from chemically treated and untreated plots. These results 
demonstrate that imidacloprid applied as a soil drench can suppress larval emerald ash 
borer populations, yet enough emerald ash borer eggs and larvae persist that 
establishment of T. planipennisi and O. agrili are not negatively impacted, suggesting 
compatibility of chemical control for emerald ash borer with these classical biological 
control agents. No S. agrili were recovered therefore the relationship between 
imidacloprid and this biological control agent could not be evaluated. 
We also evaluated the impact of imidacloprid on populations of native 
hymenopteran guilds using two trapping methods. In 2014 hymenopteran abundance 
measured using pan traps was greater in untreated plots than in full strength imidacloprid 
and biological control plots. Non-ichneumonoid parasitoids, which comprised over half 
of the total hymenopterans captured in pan traps, displayed a similar trend though there 
were no differences between plots receiving imidacloprid treatment compared to 
chemically untreated plots. There were no differences in abundance and diversity of total 
hymenoptera or the hymenopteran guilds investigated between plot treatments and 
between chemically treated and untreated plots, indicating that there was little impact of 
imidacloprid applied as a soil drench on native hymenoptran populations. 
1
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CHAPTER 3 
Native Parasitoid Response to Emerald Ash Borer (Coleoptera: Buprestidae) and  
Ash Decline in Recently Invaded Forests of the Central United States 
 
Introduction 
Ash (Fraxinus spp.) are a consistent component of hardwood forests throughout 
the United States (Kennedy 1990, Schlesinger 1990) and make up an important 
component of urban landscapes in many cities (Cappaert et al. 2005). In the U.S. the 
prevalence of ash is threatened by the emerald ash borer (Agrilus planipennis Fairmaire, 
Coleoptera: Buprestidae), an invasive beetle native to eastern Asia and first detected in 
the United States in 2002 near Detroit Michigan (Haack et al. 2002). Adults are active 
from late spring through mid-summer and feed on ash foliage for two weeks prior to 
mating and oviposition. Eggs hatch in mid-summer and larvae feed on phloem, creating 
serpentine galleries in the wood beneath the bark, and overwinter in chambers which they 
excavate either in the wood or the bark before pupating in spring (Wang et al. 2010). 
Since its introduction, emerald ash borer has spread through much of the contiguous U.S. 
and southeastern Canada (USDA APHIS 2015), inflicting extensive ash mortality in 
affected regions.  All North American Fraxinus species are susceptible to attack, and 
while most endemic wood boring buprestids are limited to trees with declining health, 
emerald ash borer readily colonizes healthy trees (Cappaert et al. 2005). 
 In its native range emerald ash borer is regulated by resistance of Asian ash 
(Rebek et al. 2008) and a diverse complex of natural enemies capable of inflicting high 
rates of mortality (Liu et al. 2003, Zhang et al. 2005, Duan et al. 2012b).  There are 
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ongoing and widespread classical biological control efforts to establish populations of 
exotic parasitoids throughout invaded areas of North America, where there is also a 
diverse assemblage of native buprestids which in turn support a large complex of 
endemic parasitoids (Taylor et al. 2012), several of which can transition from their 
historic hosts and begin to utilize emerald ash borer (Bauer et al. 2004, Duan et al. 2009, 
Marsh et al. 2009, Duan et al. 2012a). Studies investigating utilization of emerald ash 
borer by native parasitoids have focused on the epicenter of the infestation in the northern 
portion of the introduced range but the distribution of ash extends over a large geographic 
region spanning a multitude of climates and forest types. As the composition and 
abundance of host plants and native wood borer populations shift across these newly 
invaded areas, so too will the associated parasitoid guilds. As emerald ash borer 
proliferates through North American forests it is encountering novel natural enemies and 
natural enemy complexes.  The goal of this research is to investigate the impact of 
emerald ash borer induced ash decline on native natural enemy populations and to 
characterize the endemic parasitoids associated with emerald ash borer in recently 
invaded areas of the central United States. 
 
Methods and Materials 
Study Sites  
Five study sites were established in north-central Kentucky along the forefront of 
the expanding emerald ash borer infestation. The region is characterized by a Western 
Mesophytic forest type consisting of a wide variety of deciduous species (Wharton and 
Barbour 1973) with a significant ash component (Table 3.1).   Sites were selected in 
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Anderson, Fayette, Henry, Shelby, and Spencer counties, where emerald borer has been 
reported since 2009 - 2010. The Anderson, Henry, and Shelby sites had emerald ash 
borer present at the onset of the study and showed signs of ash decline, whereas at the 
Fayette and Spencer sites the first detection was made in 2014 and there were little to no 
signs of emerald ash borer induced stress. 
 
Forest Characteristics 
 At each site, three areas were designated in which woody plants in four circular 
0.04 ha plots were surveyed prior to the emerald ash borer invasion and annually 
thereafter (n = 12 plots per site). For vegetation censusing, whole-plots (0.04 ha) were 
utilized to assess overstory and midstory vegetation (all trees ≥ 1.27 cm diameter at 1.5 m 
high; DBH), 0.004 ha sub-plots were used to assess saplings and shrubs (< 12.7 cm DBH, 
> 137 cm high), and 0.0004 ha micro-plots were used to assess seedlings and shrubs (< 
137 cm height). One sub-plot and one micro-plot were positioned at the whole-plot center 
and in each cardinal direction, 7.7 m from the whole-plot center. Thus, a surveyed plot 
contained one 0.04 ha whole-plot, five 0.0004 ha sub-plots, and five 0.0004 micro-plots 
(Coleman et al. 2008). Measurements of vegetation and plot data followed the Common 
Stand Exam protocol of the USDA Forest Service’s Natural Resource Information 
System: Field Sampled Vegetation Module (US Forest Service 2013) and included tree 
height and diameter at 1.5 m above ground level (DBH). Canopy dieback was visually 
assessed by a single observer and each ash tree assigned a crown dieback rating from 0% 
(healthy) to 100% (dead) (Smith 2006). 
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Insect Monitoring (Flight Intercept Traps)  
Adult emerald ash borer were monitored using purple prism traps at Anderson, 
Fayette, and Henry only in 2013 (N = 34), and green 12-unit Lindgren multi-funnel traps 
at all sites in 2014 (one per plot, N = 60). Traps were deployed 23 May to 05 June in 
2013 and 05 May to 17 July in 2014 by suspending over the highest reachable ash branch 
(5 - 10 m) and affixed with manuka oil and leaf alcohol lures (Synergy Semiochemicals, 
Brunbay, BC).  Prism traps were returned to the laboratory and the abundance of adult 
emerald ash borer per trap were recorded.  Funnel trap contents were collected weekly 
and the number of emerald ash borer per trap was recorded. 
 
Insect Monitoring (Destructive Sampling)  
During February and March of 2014 a total of 25 ash were felled from Anderson, 
Henry, and Shelby. In February and March of 2015 an additional 16 ash were felled from 
Anderson and Henry. Felled trees were cut into 60 cm sections, numbered sequentially, 
and returned to the laboratory. Odd numbered sections were debarked using a draw knife, 
galleries were examined closely, and all arthropods collected. Emerald ash borer larvae 
were inspected for signs of parasitism, counted, and stored in 100 mm Petri dishes with 
moistened filter paper and sealed with Parafilm to rear out endoparasitoids.  Exuvia or 
meconia associated with emerald ash borer galleries were noted. The even numbered log 
sections were placed in the laboratory within cylindrical mesh rearing enclosures (30 cm 
x 80 cm) fitted with 7 mL clear glass collection vials.  Rearing enclosures were checked 
daily for four months for emerging arthropod associates.  Logs were removed from 
enclosures in November 2014 and debarked as described previously.  Recovered 
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arthropods were mounted and identified to the greatest resolution possible using available 
keys (Shenefelt 1940, Gahan 1943, Marsh 1967, Goulet and Huber 1993, Yenega 1996, 
Boucek and Halstead 1997, Gibson et al. 1997, Triplehorn and Johnson 2005, Johansen 
2010, Evans 2014) and identifications were verified by a taxonomist. 
 
Native Insect Communities.   
Malaise traps (2.44 m
2
 × 2.13 m high, 1.89 liter collection head, BioQuip, Rancho 
Dominguez, CA) were used to monitor native insects and were deployed 5 m south of 
each plot center with a dichlorvos strip 2 cm × 5 cm (AMVAC Chemical Corp., Los 
Angeles, CA) placed in each trap head. Samples were collected by emptying trap head 
contents into sealable plastic bags and rinsing with 70% EtOH. In the laboratory insects 
were sorted to order (Triplehorn and Johnson 2005) and counted. Hymenopterans were 
further divided into: Apoidea, Formicidae, Ichneumonoidea, non-ichneumonoid 
parasitoids (superfamilies: Ceraphronoidea, Chalcidoidea, Chrysidoidea, Cynipoidea, 
Diaproidea, and Platygastroidea), Symphyta, and Vespidae. 
Concurrent with Malaise trapping, pan traps were deployed 5 m north of each plot 
center and consisted of two nested bright yellow plastic bowls (16 cm × 4 cm, Festive 
Occasion, East Providence, RI) affixed to 3 cm × 3 cm wooden stakes 75 cm above 
ground level.  The internal bowl was secured with binder clips and filled with 75 mL 
soapy water solution.  Insects were collected from pan traps by straining contents through 
paper filters (Rockline Industries, Sheboygan, WI), sealing into Ziploc bags with 70% 
EtOH, and storing at 4 ˚C until processing.  
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Traps were deployed in each plot at a given site for one week before being moved 
to another site, resulting in a 5 wk trapping interval.  Trapping began the first week of 
May both years and ended 21 October in 2013, and 17 September in 2014, for a total of 
five and four intervals respectively. 
 
Statistical Analysis 
 All analyses were performed using SAS v 9.3 (SAS Institute 2011). Data were 
tested from normality (PROC UNIVARIATE) and when necessary were transformed 
using √ + 0.5. Ash decline, measured by 2014 canopy dieback, was compared across all 
sites using a one way analysis of variance, with post-hoc analysis performed using 
Tukey’s Honest Significant Difference (HSD).  
Adult emerald ash borer captured with flight intercept traps were compared across 
sites to provide a measure of site level infestation; a t-test was used to compare Henry 
and Anderson in 2013 and a one way analysis of variance was used to compare all sites in 
2014, post-hoc analysis was performed using Tukey’s HSD if differences arose.  
Native insect abundance measured with Malaise and pan traps was calculated and 
diversity derived by site using both Simpson’s index of diversity (Magurran 1988) and 
Shannon’s Diversity Index (Southwood and Henderson 2009).  Abundance and diversity 
were analyzed using a repeated measure mixed linear model (PROC MIXED), with 
sample date as the repeated measure and individual plots (traps) as subjects. The 
difference of least squares was used to separate means for these population parameters 
and their correlation with ash decline was calculated (PROC CORR). 
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Results and Discussion 
Forest Characteristics 
 Ash composition across sites ranged from 12 – 26% of woody stems > 2.5 cm 
diameter, with a gradient of emerald ash borer infestation indicated by ash canopy 
assessments and beetle abundance.  In 2014 the greatest ash decline was observed at 
Henry where mean canopy dieback was 73.9%, followed by Anderson (56.9%), Shelby 
(27.4%), Spencer (16.2%) and Fayette (7.4%) (Table 3.1). 
 
Insect Monitoring (Flight-intercept Traps)  
In 2013 492 adult emerald ash borer were captured at two sites (Anderson and 
Henry) where ash decline was evident, with no difference in the number of beetles 
trapped between the two (Table 1).  In 2014 trapping effort was more uniform and 453 
emerald ash borer were captured in funnel traps across all five sites (Table 3.1). The 
greatest number of beetles was caught at Henry and the least at Spencer. Reductions in 
the number of beetles caught at Henry and Anderson from 2013 to 2014 could be a result 
of a change from purple prism traps to green funnel traps but is more likely due to 
extensive ash mortality and subsequent exhaustion of available host material at both sites. 
 
Insect Monitoring (Destructive Sampling)   
From trees felled in 2014, five Catogenus rufus (Fabricius)(Coleoptera: 
Passandridae) (Evans 2014) (Fig. 3.1) were recovered, three adult and 1 larva from within 
emerald ash borer pupal chambers of debarked logs and one additional adult from logs in 
rearing enclosures.  Larvae of this species are parasitic on larvae and pupae of wood 
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boring beetles (Arnett et al. 2010) and are known to utilize emerald ash borer in Michigan 
(Bauer et al. 2004). Two Phasgonophora sulcata Westwood (Hymenoptera: Chalcididae) 
(Gibson 1997), another parasitoid previously recorded attacking emerald ash borer 
(Bauer et al. 2004), were recovered from rearing enclosures. Two species of Heterospilus 
Haliday (Hymenoptera: Braconidae) were reared form enclosures, and adult cadavers of 
one of those species (Fig. 3.2) were also recovered from within emerald ash borer 
galleries of debarked logs.  Heterospilus has also been previously recorded in association 
with emerald ash borer (Bauer et al. 2004) and is known to parasitize other Agrilus 
species (Taylor et al. 2012). The recovery of this species through multiple recovery 
methods and in association with emerald ash borer galleries is further evidence that 
members of this genus in North America are utilizing emerald ash borer.   Additionally, 
two species of Ichneumonidae in the subfamilies Cryptinae and Pimplinae (Goulet and 
Huber 1993) and Arachnophaga semirufa (Gahan) (Hymenoptera: Eupelmidae) (Gahan 
1943) were recovered from rearing enclosures (Table 3.2).   
From trees felled in 2015, Leluthia astigma (Ashmead) (Hymenoptera: 
Braconidae) (Marsh 1967) (Fig. 3.3), also previously documented attacking emerald ash 
borer (Kula et al. 2010) was reared from a cocoon recovered from an emerald ash borer 
gallery of a debarked log. Additionally, 19 Bracon sp. F. (Hymenoptera: Braconidae) 
(Fig. 3.4), one eupelmid (Hymenoptera) and two ichneumonids (Hymenoptera) were 
recovered from rearing enclosures. 
 Several native ichneumonids have been reported utilizing emerald ash borer in 
areas of the U.S. where the emerald ash borer is more established; these have occurred at 
low levels of parasitization. It’s possible that arthropods other than emerald ash borer are 
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contributing as hosts for parasitoid recovered from rearing enclosures, although the group 
as a whole may influence establishing emerald ash borer populations. Non-parasitic 
arthropods recovered include Hylesinus aculeatus Say (Coleoptera: Curculionidae), 
Eupogonius pauper LeConte (Coleoptera: Cerambycidae) (Yanega 1996), Trichodesma 
gibbisa (Say) (Coleoptera: Ptinidae), and Xiphydria sp. Latreille (Hymenoptera: 
Xiphydriidae), along with various Areneae, Formicidae, Hemiptera, Lepidoptera, and 
Orthoptera.   
 
Native Insect Communities  
Malaise traps yielded a total of 19,898 Hymenoptera in 2013 and in 17,795 in 
2014. Ichneumonoids comprised the majority accounting for 69.3% across years, non-
ichneumonoid parasitoids accounted for 15.4% (Table 3.3), and Apoidea (7.9%), 
Formicidae (5.0%), Symphyta (1.2%), and other Hymenoptera (Pompilidae, Scoliidae, 
Sphecidae, Tiphiidae, and Vespidae) (1.2%) accounted for the remainder.   
Pan traps yielded 3,265 hymenopterans in 2013 and 6,331 in 2014. Across years 
Ichneumonoidea comprised 30.5% of hymenopterans, non-ichneumonoid parasitoids 
47.5% (Table 3.4), and Formicidae (11.5%), Apoidea (4.2%), Symphyta (2.3%), and 
other Hymenoptera (2.0%) comprised the rest .  
Abundance of parasitic Hymenoptera captured with Malaise traps was positively 
correlated with ash canopy decline (Fig. 3.5) and a similar though non-significant trend 
was observed in parasitoid populations measured using pan traps.  
The correlation between parasitoid abundance and ash decline may be driven by a 
large pulse of dead woody material created by emerald ash borer-killed trees which 
41 
 
creates plentiful habitat for wood-boring arthropods. The subsequent positive response in 
the enemies of these arthropods suggests a bottom up effect within this system and is 
indicative of potentially drastic environmental consequences associated with biological 
invasions. Although hymenopteran diversity varied significantly between sites (Table 
3.5) using both Shannon’s and Simpson’s diversity indices, there was no correlation 
between diversity and ash canopy decline. 
The most diverse group of endemic North American parasitoids being recruited to 
emerald ash borer to date is the genus Atanycolus Forster (Hymenoptera: Braconidae), 
which has at least seven species throughout the Holartic Region utilizing emerald ash 
borer (Taylor et al. 2012).  Although we did not recover Atanycolus in our sampling, A. 
hicoriae Shenefelt (Shenefelt 1940), a known parasitoid of emerald ash borer in 
Michigan (Marsh et al. 2009) and a yet to be identified species of Atanycolus were 
collected from the trunks of declining ash from areas surrounding Lexington, KY.   
 In Kentucky, where emerald ash borer infestations have been known since 2009, 
there appears to exist a diverse array of native parasitoids which are being recruited to a 
novel and plentiful host.  Some of these parasitoids have been reported utilizing emerald 
ash borer in more northern areas of North America previously invaded by emerald ash 
borer, while many are novel associates.  This region, which has more recently been 
invaded, supports a varied assemblage of native parasitoids that appear capable of 
transitioning from their historic hosts to emerald ash borer, although observed levels of 
parasitization from natives were low.  Continued investigation will undoubtedly reveal 
new associates and allow for documentation of the successional change in enemy 
composition as ash decline progresses.  Emerald ash borer continues to extend its range 
42 
 
in North America and encounter new forests and new habitats, each with unique 
assemblages of parasitoids that have the potential to transition to this new host.  
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Fig. 3.1. Catogenus rufus recovered from emerald ash borer pupal chamber in a debarked 
log. Scale bar is equal to 1 mm. 
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Fig. 3.2. Heterospilus sp. (Hymenoptera: Braconidae) recovered from a rearing enclosure 
A. and from an emerald ash borer gallery within a debarked log B.  Scale bar is equal to 1 
mm. 
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Fig. 3.3. Leluthia astigma (Hymenoptera: Braconidae) cocoon and pupa with partially 
consumed emerald ash borer larva A., and emerged adult female B. Scale bar is equal to 
1 mm. 
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Fig. 3.4. Bracon sp. (Hymenoptera: Braconidae) female A. and male B. recovered from 
rearing enclosures from trees felled winter 2015.  Scale bars are equal to 1 mm. 
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Fig. 3.5. Correlation between hymenopteran parasitoid abundance and Fraxinus canopy 
decline for insects captured in Malaise traps (R
2
 = 0.71, P = 0.002) A. and pan traps (R
2
 = 
0.33, P = 0.08) B. Abundance and canopy decline were measured at each of five study 
sites in 2013 (open symbols) and 2014 (closed symbols). 
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APPENDIX A 
Geographic coordinates of study plots 
Site Stand Plot Latitude Longitude 
Anderson 1 1 N38.00802
○
 W84.95947
○
 
 1 2 N38.00813
○
 W84.95987
○
 
 1 3 N38.00808
○
 W84.95873
○
 
 1 4 N38.00853
○
 W84.96053
○
 
 2 1 N38.00935
○
 W84.95947
○
 
 2 2 N38.00898
○
 W84.95973
○
 
 2 3 N38.00862
○
 W84.95937
○
 
 2 4 N38.00857
○
 W84.95980
○
 
 3 1 N38.00952
○
 W84.95783
○
 
 3 2 N38.00898
○
 W84.95732
○
 
 3 3 N38.00885
○
 W84.95640
○
 
 3 4 N38.00937
○
 W84.95717
○
 
Fayette 1 1 N37.89538
○
 W84.39018
○
 
 1 2 N37.89557
○
 W84.39045
○
 
 1 3 N37.89592
○
 W84.39088
○
 
 1 4 N37.89465
○
 W84.39087
○
 
 2 1 N37.89667
○
 W84.39302
○
 
 2 
2 
2 
3 
N37.89537
○
 
N37.89495
○
 
W84.39112
○
 
W84.39115
○
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2 
3 
4 
1 
N37.89653
○
 
N37.89450
○
 
W84.39270
○
 
W84.39118
○
 
3 2 N37.89513
○
 W84.39150
○
 
 3 3 N37.89502
○
 W84.39050
○
 
 3 4 N37.89565
○
 W84.39153
○
 
Henry 1 1 N38.56693
○
 W84.84152
○
 
 1 2 N38.56625
○
 W85.15848
○
 
 1 3 N38.56603
○
 W85.15863
○
 
 1 4 N38.56652
○
 W85.15930
○
 
 2 1 N38.56543
○
 W85.15830
○
 
 2 2 N38.56510
○
 W85.14590
○
 
 2 3 N38.56472
○
 W85.14613
○
 
 2 4 N38.56572
○
 W85.14665
○
 
 3 1 N38.56503
○
 W85.14573
○
 
 3 2 N38.56505
○
 W85.14635
○
 
 3 3 N38.56445
○
 W85.14672
○
 
 3 4 N38.56548
○
 W85.14685
○
 
Shelby 1 1 N38.28275
○
 W85.14672
○
 
 1 2 N38.28283
○
 W85.36037
○
 
 1 
1 
3 
4 
N38.28328
○
 
N38.28252
○
 
W85.36057
○
 
W85.35992
○
 
2 1 N38.28002
○
 W85.36292
○
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 2 
2 
2 
3 
N38.27935
○
 
N38.27927
○
 
W85.36280
○
 
W85.36337
○
 
 2 4 N38.27980
○
 W85.36258
○
 
 3 1 N38.27623
○
 W85.36598
○
 
 3 2 N38.27657
○
 W85.36640
○
 
 3 3 N38.27432
○
 W85.36590
○
 
 3 4 N38.27700
○
 W85.36633
○
 
Spencer 1 1 N38.01905
○
 W85.27843
○
 
 1 2 N38.02073
○
 W85.28025
○
 
 1 3 N38.02120
○
 W85.27872
○
 
 1 4 N38.02097
○
 W85.27858
○
 
 2 1 N38.02148
○
 W85.27797
○
 
 2 2 N38.02105
○
 W85.27777
○
 
 2 3 N38.02128
○
 W85.27685
○
 
 2 4 N38.02163
○
 W85.27577
○
 
 3 1 N38.01908
○
 W85.28117
○
 
 3 2 N38.02002
○
 W85.27972
○
 
 3 3 N38.01923
○
 W85.27905
○
 
 3 4 N38.01973
○
 W85.28013
○
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APPENDIX B 
Species composition of stems > 1.4 m at study sites in 2010, 
 prior to emerald ash borer invasion.  
 
Site Species 
Stem 
count 
% 
Stems 
Basal area 
(m
2
 / ha) 
% basal 
area 
Anderson Quercus muehlenbergii 29 7.27 1.27 19.10 
 
Fraxinus quadrangulata 56 14.04 1.22 18.34 
 
Acer saccharum 90 22.56 0.86 12.87 
 
Quercus velutina 14 3.51 0.83 12.41 
 
Fraxinus americana 17 4.26 0.46 6.85 
 
Juniperus virginiana 25 6.27 0.45 6.78 
 
Aesculus glabra 37 9.27 0.26 3.84 
 
Carya cordiformis 15 3.76 0.25 3.72 
 
Carya ovata 8 2.01 0.23 3.39 
 
Ulmus americana 17 4.26 0.21 3.17 
 
Quercus alba 6 1.50 0.18 2.76 
 
Celtis occidentalis 13 3.26 0.12 1.86 
 
Juglans nigra 4 1.00 0.12 1.79 
 
Gleditsia triacanthos 2 0.50 0.08 1.26 
 
Prunus serotina 14 3.51 0.07 1.02 
 
other species 52 13.03 0.06 0.83 
Total 
 
399 
 
6.65 
 
58 
 
Fayette Acer saccharum 134 50.00 2.52 40.71 
 
Fraxinus americana 35 13.06 2.21 35.67 
 
Juglans nigra 15 5.60 0.52 8.34 
 
Prunus serotina 4 1.49 0.34 5.57 
 
Celtis occidentalis 11 4.10 0.14 2.28 
 
Quercus muehlenbergii 7 2.61 0.13 2.18 
 
Ulmus rubra 8 2.99 0.13 2.04 
 
Quercus velutina 3 1.12 0.11 1.79 
 
other species 51 19.03 0.09 1.43 
Total 
 
268 
 
6.19 
 Henry Juniperus virginiana 90 19.40 1.18 22.93 
 
Fraxinus americana 70 15.09 0.95 18.47 
 
Acer saccharum 90 19.40 0.49 9.57 
 
Carya ovata 38 8.19 0.34 6.58 
 
Celtis occidentalis 23 4.96 0.34 6.51 
 
Quercus rubra 17 3.66 0.33 6.41 
 
Quercus coccinea 14 3.02 0.31 6.00 
 
Juglans nigra 12 2.59 0.23 4.54 
 
Quercus muehlenbergii 14 3.02 0.23 4.43 
 
Ulmus rubra 16 3.45 0.19 3.74 
 
Prunus serotina 10 2.16 0.14 2.78 
 
Carya cordiformis 6 1.29 0.13 2.56 
 
Fraxinus quadrangulata 16 3.45 0.13 2.44 
59 
 
 
Gleditsia triacanthos 3 0.65 0.10 1.95 
 
other species 45 9.70 0.06 1.10 
Total 
 
464 
 
5.15 
 Shelby Fraxinus americana 99 25.78 1.99 36.64 
 
Juniperus virginiana 79 20.57 1.16 21.32 
 
Juglans nigra 11 2.86 0.49 9.03 
 
Prunus serotina 17 4.43 0.36 6.62 
 
Acer saccharum 42 10.94 0.33 6.10 
 
Carya ovata 13 3.39 0.32 5.83 
 
Ulmus rubra 44 11.46 0.32 5.81 
 
Celtis occidentalis 12 3.13 0.24 4.50 
 
other species 67 17.45 0.23 4.15 
Total 
 
384 
 
5.43 
 Spencer Fraxinus americana 35 12.07 1.74 26.30 
 
Acer saccharum 126 43.45 1.20 18.16 
 
Juglans nigra 9 3.10 0.63 9.61 
 
Quercus muehlenbergii 21 7.24 0.61 9.21 
 
Liriodendron tulipifera 2 0.69 0.46 6.96 
 
Quercus velutina 6 2.07 0.45 6.82 
 
Quercus rubra 4 1.38 0.41 6.13 
 
Carya ovata 6 2.07 0.20 3.10 
 
Carya cordiformis 8 2.76 0.19 2.93 
 
Ostrya virginiana 5 1.72 0.18 2.75 
60 
 
 
Prunus serotine 8 2.76 0.16 2.44 
 
Cercis canadensis 24 8.28 0.15 2.21 
 
other species 36 12.41 0.22 3.36 
Total 
 
290 
 
6.60 
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APPENDIX D 
Local phenology of larval development 
Although the life cycle and development rate of emerald ash borer is well 
documented in the northern part of its North American range (Cappaert et al. 2005), 
knowledge of how larval development varies regionally will aid in construction of 
effective management approaches. Larval maturation rates vary with climate, host tree 
species (Tanis and McCullough 2012), and tree health (Tluczek et al. 2011). Though 
most members of a cohort will complete development in one year, a significant percent of 
EAB will require two years to complete their development (Tluczek et al. 2011). 
Knowing the precise rate of development is crucial for timing parasitoid releases so that 
late (3
rd
 and 4
th
) instar larvae, the preferred host of S. agrili (Yang et al. 2005) and T. 
planipennisi (Yang et al. 2006), are available for oviposition. Knowledge of emerald ash 
borer larval maturation rates are also important for timing applications of chemical 
insecticides so that toxins are taken up by trees and present concurrent with the target 
beetle life-stage (Mota-Sanchez et al. 2009). Region-specific information pertaining to 
emerald ash borer development is critical for tailoring management strategies to a 
specific region. My goal was to determine developmental rate of larvae in Lexington, 
KY. 
Methods 
 Three field sites, each containing greater than three green ash showing signs of 
EAB infestation were established within city parks in Lexington, KY, two at Veteran’s 
Park and the third at Shillito Park. A small section of bark was removed from each tree 
prior to the study to confirm infestation. Trees were sampled weekly from Aug. 23 – Oct. 
65 
 
12 by removing a 10 cm x 20 cm bark section from the lower trunk and collecting all 
larvae present. Insects collected from the exposed area were placed in 70% EtOH and 
returned to the laboratory. If fewer than three larvae were present in the initial exposed 
area additional bark was removed until a total of three were collected.  If all bark below 2 
m became exhausted the tree was excluded from further sampling 
 In the laboratory, urogomphus length, peristoma width, and prothoracic plate 
width (Fig. D.1) were measured using an eye-piece micrometer under 6 – 40× using 
dissecting microscope to determine larval development stage. Urogomphus length, which 
is the most reliable measurement in determining larval instar, was used as the primary 
indicator of developmental stage (Wang et al. 2005). Larvae with urogomphi > 0.8 mm 
were classified as 4
th
 instar, urogomphi from 0.5 mm  - 0.6 mm as 3
rd
 instar, and 0.2 mm 
– 0.35 mm as third instar. When urogomphi lengths fell in between these ranges, 
prothoracic plate and peristoma widths were considered in making instar determinations. 
 
Results 
Urogomphus lengths ranged from 0.27 mm to 1.17 mm, prothoracic plate widths 
from 0.79 mm to 3.9 mm, and peristome widths from 0.44 mm to 1.59 mm (Fig D. 2). Of 
larvae collected during the first week (24 Aug. 2013) 21 of 28 were fourth instar, four 
were third instar, and three were second instar. The proportion of late instar larvae 
gradually increased over the course of the study (Fig D. 3.). No 2
nd
 instar larvae were 
observed past 21 Sep. and by 12 Oct. all recorded larvae were 4
th
 instar. Larvae were 
observed tunneling deeper into the wood to construct their overwintering chambers as 
66 
 
early as 06 Sep., and by the last collection on 12 Oct. only one larva was recovered from 
a gallery compared to 19 which had fully entered their overwintering chambers. 
Discussion 
By the time this study was initiated emerald ash borer larvae were already far 
along in their development, with 75% in their final instar during the first collection date 
on August 24, 2013. I was therefore unable to determine the full developmental rates of 
emerald ash borer in Kentucky. Late instar larvae were observed within galleries up until 
the first week in October, after which the vast majority had entered overwintering 
chambers and would no longer be accessible to attack from parasitoids.  
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Fig. D.1. Variables used for distinguishing emerald ash borer larval instars: Y3 - 
prothoracic plate width, Y4 - peristoma width, Y5 - urogomphi length (Wang et al. 2005). 
                        Head                                                          Terminal end 
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Fig. D. 2. Lengths of A. urogomphi, and widths of B. prothoracic plates and C. 
peristomes of larval emerald ash borer. 
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Fig. D. 3. Ratio of emerald ash borer larval development stages during 8 week study. 
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